ABSTRACT In this paper, we propose a multi-hop index modulation-aided orthogonal frequency-division multiplexing (IM-aided OFDM) system, which employs decode-and-forward (DF) relaying techniques to enable the transmission of information from source to destination via the use of multiple relays. Through the use of such a cooperative transmission system, the broadcasting coverage can be enlarged and the energy efficiency enhanced accordingly. To reduce the system complexity and provide a unified analysis without the need to employ a dual-mode transmission protocol, we also present a tailored version of the conventional subcarrier activation method, which we have modified to mitigate the zero-active subcarrier dilemma. We provide a detailed comparison of the data transmission rates of both the standard method and the tailored method presented here and give proof that the method we propose has a transmission rate, which matches or exceeds the original method. We investigate the performance of the method by analyzing and presenting the average outage probability, block error rate and network capacity in closed forms. All of the analyses presented are verified through the use of numerical simulations. The results provided in this paper present the promising vision of the IM-aided OFDM in both multi-hop networks and in their potential use in the next generation networks.
I. INTRODUCTION
In recent years, conventional modulation techniques have struggled to meet the ever increasing demand on the reliability and transmission rate of wireless communication. This difficulty is particularly apparent in next generation networks [1] . To address these new challenges, researchers have been focusing on designing innovative modulation techniques based on a variety of different principles. Orthogonal frequency-division multiplexing (OFDM) index modulation (IM) is one of the most promising candidates for next generation networks. Whereas conventional modulation techniques only rely on the symbol amplitude and phase, OFDM-IM methods utilize the activation pattern of subcarriers to enhance the transmission rate. Enhancing the transmission rate using this technique has also been proven to yield a better network reliability [2] . The concept of OFDM-IM has been systematically proposed and explained in [3] . Following that, the generalization of OFDM-IM is presented in [4] .
To further enhance the efficiency of OFDM-IM, dual-mode and multi-mode modulations are involved for OFDM-IM in [5] and [6] , respectively. As a new modulation paradigm, the investigation of OFDM-IM becomes a frequent topic and is still an area of active research [2] .
However, most research focuses solely on point-to-point transmission using OFDM-IM. In the majority of current communication systems, cooperative networks are employed which enhance the practicality of the standard OFDM-IM. To the best of authors' knowledge, the first work incorporating the cooperative relaying with OFDM-IM is presented in [7] , in which only numerical study has been given. Following this, there are two works analyzing the cooperative transmission of OFDM-IM, in which a two-hop scenario was taken into consideration [8] , [9] . However, in both of the aforementioned works, a dual-mode transmission protocol is adopted to cope with the zero-active subcarrier dilemma, which subsequently renders the system implementation and analysis very complicated. Another limitation of these works is the constraint on the number of hops, which is limited to two. This restriction means a general performance analysis for a wide range of communication applications with multiple hops has not been provided.
With the development of routing techniques and the requirement of large coverage, the multi-hop transmission has seen a surge in practical use in recent years, particularly for ultra-dense networks, machine-to-machine (M2M) communications and the Internet of Things (IoT) [10] - [12] . Multi-hop transmission can effectively reduce the transmission interference and enlarge the broadcasting coverage with less power required for transmission. Moreover, by employing multi-hop transmissions, the implementation cost of base stations (BSs) can also be reduced significantly [13] . As a result, the employment of multi-hop systems has been viewed as a satisfactory solution to the performance-cost trade-off in next generation networks [14] . In this paper we propose a way of multi-hop IM-aided OFDM system with the aim of retaining the advantages of each method.
To bridge the gap between OFDM-IM and multi-hop transmissions, we propose a multi-hop IM-aided OFDM system in this paper and suppose decode-and-forward (DF) relaying protocol is used to forward the received signal from source to destination over multiple hops. We present a modification to the mapping relation between the bit sequence and subcarrier activation pattern by including an always-active subcarrier. As a result of this modification, the dual-mode transmission protocol proposed in [8] for addressing the zero-active subcarrier dilemma is not needed, leading to a much simpler system with a higher transmission rate. Following the proposal of the system model, we analyze its outage probability, block error rate (BLER) and network capacity in closed form. All analyses are verified by numerical simulations and a series of key properties of multi-hop IM-aided OFDM can be revealed by the analytical and numerical results provided. The results provided in this paper present the promising vision of IM-aided OFDM in multi-hop networks and its potential for next generation networks.
The rest of the paper is organized as follows. In Section II, the system model of the proposed multi-hop IM-aided OFDM system is described. We also present and justify several important assumptions employed throughout the paper, allowing us to simplify the analysis considerably.
In Section III, we analyze the average outage probability, BLER and network capacity of the proposed system. Subsequently, we numerically verify all analyses by Monte Carlo simulations and discuss the simulation results in Section IV. The paper is concluded in Section V.
II. SYSTEM MODEL A. SYSTEM FRAMEWORK
In this paper, we consider a multi-hop network consisting of a single source-destination pair. We include L hops and suppose there exists a single relay between two hops, which receives the signal from the last hop and forwards it to the next hop by a standard DF forwarding protocol. Clearly, there are R = L − 1 relays in total between source and destination. We further assume a sufficiently long cyclic prefix (CP) is inserted in the time domain so that transmissions over multiple subchannels can be regarded in a subcarrier basis, for which there exists N subcarriers, and each of these subcarriers will experience independent fading during transmission. To facilitate the analysis given in this paper, we introduce the following notation for the set of hops, relays and subcarriers as L, R and N , respectively. It follows immediately that we have |L| = L, |R| = R = L − 1 and |N | = N . The system model is pictorially illustrated in Fig. 1 .
B. SIGNAL TRANSMISSION
Let us focus on the subcarrier activation method (i.e. the codebook) design of the IM-aided OFDM proposed in this paper. Here, we stipulate that there is a special subcarrier, which is always active for control signaling transmission for network coordination and synchronization. 1 On the other hand, the other N −1 remaining subcarriers are activated in an on-off keying (OOK) manner to transmit a bit sequence b S (k) modulated by IM-aided OFDM. Here k denotes the index of the subcarrier activation pattern and the set of activation patterns is denoted as K = {1, 2, . . . , 2 N −1 }. Eliminating the dual-mode transmission protocol in this way greatly reduces the system complexity and makes it possible to undertake a unified performance analysis of OFDM-IM systems. Moreover, we later prove that the transmission rate of the tailored subcarrier activation method is always higher than or equal to that of the original one proposed in [8] .
We can denote the set of active subcarriers as T (k) and |T (k)| = T (k) ≥ 1 (there is at least one active subcarrier for control signaling transmission). On the tth active subcarrier, ∀ t ∈ T (k), a symbol modulated by the M -ary phase shift keying (M -PSK) from a bit sequence b M (m t ) is conveyed, 2 where m t ∈ M = {1, 2, . . . , M }; M is the APM order and normally a power of two 1 Otherwise, a problem termed 'zero-active subcarrier dilemma' might occur, which could lead to difficulty in medium access control (MAC) layer design, since synchronization is the key for OFDM systems to reduce intersymbol (ISI) and/or inter-channel interference (ICI) [8] , [15] . 2 The reason we adopt PSK instead of quadrature amplitude modulation (QAM) for amplitude and phase modulation (APM) is because a constant-envelop APM has been proved to be more efficient in terms of power efficiency and reception complexity than non-constant-envelop APM for systems employing IM [16] , [17] . 
Assuming that all bit sequences are equally probable, the transmission rate at each instant is given by
The transmission efficiency of the proposed system can be investigated using the average transmission rate in bit per channel use (bpcu), which is given bȳ
where the following notation has been introduced: E {·} denotes the expectation of the enclosed; · · is the binomial coefficient. For clarity, we plot the average transmission rateB as a function of APM order M and the number of subcarriers N in Fig. 2 . It can easily be shown that the transmission rate of the proposed IM-aided OFDM systems will always match or exceed one using the dual-mode transmission protocol in [8] for any N and M , the detailed proof is given in Appendix.
Without considering multi-hop transmissions at this stage, we can express the activation state matrix of subcarriers as
which is uniquely mapped to the kth subcarrier activation pattern, and s(k, n) is either '0' or '1' representing whether the nth subcarrier is inactive or active respectively. We can explicitly express s(k, n) by
where b S (k, n) is the nth entry of b S (k). Note that the first element in S(k) is always '1', which represents the always active state of the special subcarrier used for control signaling transmission.
If the same APM symbol is transmitted on all active subcarriers, this is termed the diversity scheme, while if different APM symbols are transmitted on different active subcarriers, it refers to the multiplexing scheme [18] . In this paper, we adopt the multiplexing scheme. Hence, the transmit OFDM block (a.k.a. transmit signal vector) can be produced by a N -point inverse fast Fourier transform (IFFT) and considered at a subcarrier level without ICI in frequency domain. We can write the transmit OFDM block as
where (·) T denotes the matrix transpose operation. The element of the block x(k) is given by
where {χ m n } is a M -ary constellation symbol and m n ∈ M.
Without loss of generality, we can normalize the constellation symbol by χ m n χ * m n = 1, ∀ m n ∈ M and as a result, the variable-
intended to be transmitted has been modulated to a unique transmit OFDM block x(k). By correctly decoding x(k) at the receiving side, the transmitted bit stream can be retrieved. In essence, we have formed a unique invertible mapping between the set of variable-length bit streams to the set of transmit OFDM blocks.
To illustrate the mapping relations among the variable-
, set of active subcarriers T (k), activation state matrix of subcarriers S(k) and transmit OFDM block x(k), we take BPSK (M = 2) as the APM scheme and stipulate that data symbols +1 and −1 correspond to bit '1' and '0', respectively. For an example when N = 3, the mapping relations among the aforementioned items are listed in TABLE 1. Furthermore, we also illustrate the mapping procedure from incoming bit stream to transmit OFDM block in Fig. 3 .
C. SIGNAL PROPAGATION AND RECEPTION
We now consider multi-hop transmission scenarios and denote the transmit OFDM block in the lth hop as x l (k). Then, the received OFDM block in the lth hop can be written as [19] 
where
denotes the vector of N independent complex additive white Gaussian noise (AWGN) samples on each subcarrier at the lth hop, whose entries obey CN (0, N 0 ), and N 0 is the noise power; in the lth hop; P t is a uniform transmit power adopted at all transmit nodes.
In this paper, we assume all wireless channels in each hop to be frequency-flat Rayleigh fading channels and the corresponding channel gains to be exponentially distributed with mean µ l in the lth hop. Therefore, the probability density function (PDF) f l (s) and the cumulative distribution func-
Following the derivation given in (7), the received signalto-noise ratio (SNR) for the nth subcarrier in the lth hop is given by
Then, by processing and decoding y l (k) using the procedure outlined as follows, the transmit OFDM block x l (k) can be estimated, from which the entire transmitted bit
] can be finally retrieved at relays and destination. In this paper, we adopt the maximum-likelihood (ML) detection method at all receive nodes. To be specific, the ML detection criterion can be written aŝ
where · F denotes the Frobenius norm of the enclosed matrix/vector;ẏ l (k) denotes the real received OFDM block contaminated by noise; x(k) denotes the estimation trial; the full set of all possible x(k) is denoted as X and seemingly, the cardinality |X | = M (M + 1) N −1 can be used to characterize the estimation complexity;x(k) denotes the estimated transmit OFDM block at the receiving side. Note here, we assume H l (i.e. local channel state information (CSI)) can be perfectly estimated and is known at the receiving side in the lth hop.
Once the transmitted bit sequence has been determined, the DF relays will re-encode it according to the same process and mapping relation detailed in Section II-B and forward the generated OFDM block to the next relay or destination. For simplicity, in this paper we assume that signal transmission can only be carried out between two adjacent nodes and crosshop transmission is not possible due to deep fading or severe propagation attenuation. 3 We also adopt a half-duplex forwarding protocol at all relay nodes and thereby L orthogonal temporal phases are needed for a complete transmission from source to destination over L hops.
D. PERFORMANCE EVALUATION METRICS
Here we define each of the different performance evaluation metrics we use to evaluate and benchmark our proposed system.
1) OUTAGE PROBABILITY
Following [8] , [20] , and [21] , we define the outage event of the proposed multi-hop IM-aided OFDM system in an end-to-end manner as follows.
Definition 1: An outage event is said to occur once the received SNR regarding any of the active subcarriers in any hop falls below a preset outage threshold s.
By Definition 1, we can express the conditional outage probability on the subcarrier activation pattern k as
where P{·} denotes the probability of the event enclosed. To consider all of the different subcarrier activation patterns, we average the conditional outage probability over subcarrier activation pattern k and thereby obtain the average outage probability as:P
which can be used to measure the end-to-end reliability of multi-hop IM-aided OFDM systems.
2) BLOCK ERROR RATE
In a similar manner as the definition of conditional outage probability presented above, we can also view the error performance from an end-to-end perspective. The conditional block error rate (BLER) on subcarrier activation pattern k and channel states can then be written as [22] 
. . , H L ) denotes the conditional probability of the block error event in which the original transmit blockẋ(k) at source is erroneously estimated tô
Again, we can average the conditional BLER over subcarrier activation pattern k and channel states to have the average BLER bȳ
which can be used to evaluate the end-to-end fidelity of multihop IM-aided OFDM systems.
3) NETWORK CAPACITY
To provide a comprehensive analysis of multi-hop IM-aided OFDM systems, we also focus on its throughput, and consider its capacity from the perspective of an end-to-end link from source to destination. As we specified above we adopt a multiplexing scheme in this paper, as a result we can employ the max-flow min-cut theorem to derive the conditional network capacity on subcarrier activation pattern k and channel states, which is given by [23] 
Again, we average the conditional network capacity over subcarrier activation pattern k and channel states, and obtain the average network capacity bȳ
which can be used to evaluate the end-to-end throughput of multi-hop IM-aided OFDM systems.
III. PERFORMANCE ANALYSIS A. OUTAGE PERFORMANCE ANALYSIS
As we are considering an OFDM scheme with sufficiently long CP, the fading of all subcarriers in the frequency domain is mutually independent and has the same distribution within a single hop. Furthermore, in this paper we consider a stationary scenario in which all nodes are assumed to be stationary or moving at only a very low speed. The cross-hop correlation usually encountered in high-speed scenarios can thereby be neglected in this work [24] . As a result of these two assumptions, the fading and the performance analyses for different subcarriers in different hops can be decoupled. Hence, for an arbitrary subcarrier, its reliability, i.e. whether it can be received properly at destination is dominated by the worst hop in which the channel gain of the subcarrier is the lowest. Following this rationale, we can facilitate the outage performance analysis by integrating all channels of a subcarrier in all hops into a link, and focus on one link gain instead of L channel gains in all hops. By DF relaying, the link gain can be defined as
By fundamental probability theory, we can deduce that the link gain must be exponentially distributed with PDF and CDF given by
is the average link gain. By order statistics, we can further have the PDF of the ξ th order statistic of the link gain among N subcarriers by [25] 
Moreover, according to Definition 1 and our decoupling assumption, the probability of an outage event occurring will be dependent only on the worst active subcarrier (i.e. the subcarrier with the lowest link gain). Therefore, Equation (11) can be rewritten as
Let us assume that out of a total N subcarries, there are T (k) active subcarriers, the worst subcarrier is the ξ th worst, and it is clear that we must have 1 ≤ ξ ≤ N − T (k) + 1. Therefore, by Lemma 1 proven in [21] , the conditional outage probability VOLUME 6, 2018
on subcarrier activation pattern k can be determined by
. Finally, because all subcarrier activation patterns are chosen with the same probability, we can easily remove the conditional dependence on subcarrier activation pattern k by writingP
B. BLOCK ERROR RATE ANALYSIS
The analysis of the error performance for multi-hop cooperative communications is highly challenging and performing such an error analysis would lead to complicated expressions which reveal very little insight about the problem. To simplify our analysis in this paper and provide more insightful results, we make an assumption that in order to estimate the correct transmit OFDM block at the destination, the estimations at all relays must also be correct. That is, we neglect the cases in which an erroneously estimated and forwarded block in an immediate hop is then 'erroneously' estimated to the correct block in following hops. This assumption is reasonable as the probability of such a case occurring is rather low. Using this assumption, we can decouple the estimation process in a perhop basis. As a result, we have the approximation infra:
denotes the conditional BLER in the lth hop whenẋ(k) is transmitted and P e (ẋ(k) →x(k)|H l ) represents the conditional probability that the original transmitted OFDM block x(k) is erroneously estimated to bex(k) in the lth hop. We can find an analytical form of the probability P e (ẋ(k) →x(k)|H l ), using Q-function as [22] 
where However, the Q-function is mathematically intractable and so this form reveals very little about the proposed scheme.
To provide a more insightful analysis of BLER, we adopt the following approximation of the Q-function using the sum of two linear transformations of the exponential function [3] :
which is valid in the limit when x is large. To clearly illustrate the tightness of this approximation, we plot the exact Q-function and the above approximation in both linear and logarithmic scales in Fig. 4 . Subsequently, we can use (28), to approximate P e (ẋ(k) →x(k)|H l ) as
It then follows from the basic property of the exponential function, exp( n x n ) = n exp(x n ), that can rewrite (29) as
Now, in order to remove the conditions on H 1 , H 2 , . . . , H L , we can integrate (24) over all channel states and obtain
. . .
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denotes the joint PDF of H l in the lth hop (we recall that the fading of all subcarriers is assumed independent due to the use of OFDM with sufficiently long CP as previously stated). From our previous assumption, the fading in different hops can also be assumed independent and we have the relation
Using these results, we can further simplify (31) using (24) to obtain
Taking advantage of (30), we derive the closed-form approximation of (34), as shown at the top of this page, where
Substituting (34) into (33) yields the closed-form approximation of P e (ẋ(k)). Finally, the average BLER can be determined bȳ
represents the probability thatẋ(k) is transmitted.
C. NETWORK CAPACITY ANALYSIS
Using the previously obtained expression for the network capacity analysis and appealing to (15), we can move the minimum function inside the logarithmic function as all links are independent, and thereby have
As we defined in (17), we can express min l∈L {γ l (k, n)} from the perspective of a single link. When we do this, we obtain
for active subcarriers. Therefore, we can integrate C(k|H 1 , H 2 , . . . , H L ) over all channel states to derive the unconditional network capacity, and because of the independence of subcarriers, the unconditional network capacity is as determined in (41), as shown at the bottom of the next page, where (a, x) = ∞ x t a−1 exp(−t)dt denotes the incomplete Gamma function.
Finally, we can use this result to determine the average network capacity by averaging (41) over all subcarrier activation patterns to obtainC
(42) VOLUME 6, 2018 FIGURE 5. Average outage probability vs. ratio of transmit power to noise power P t /N 0 with different numbers of subcarriers and hops.
IV. NUMERICAL RESULTS

A. SIMULATION CONFIGURATION
In this section, we normalize µ 1 = µ 2 = · · · = µ L = 1, s = 1 and N 0 = 1 for simplicity. 4 For simulations, we investigate the relation between the performance evaluation metrics of interest and the ratio of transmit power to noise power P t /N 0 with different numbers of subcarriers N and different numbers of hops L. The same simulation parameters are also adopted for simulations of outage performance, error performance and network capacity. For the simulation of error performance, we also investigate the effects of different APM order M on average BLER. All numerical results generated by Monte Carlo simulations are shown and discussed in the following subsections.
B. SIMULATIONS OF OUTAGE PERFORMANCE
We have employed the standard Monte-Carlo methods to simulate the proposed system in order to provide numerical validation of our analytic results. In Fig. 5 we plot the relation between average outage probability and the ratio of transmit power to noise power P t /N 0 for different numbers of subcarriers and hops. As shown in this figure, the numerical results closely match the analytical predictions, which lends validity to the outage performance analysis given in Section III-A. It is also reassuring to see that the relationship between performance and the number of subcarries and hops is as expected. That is, an increase in the number of subcarriers will lead to a higher average outage probability, since it must be ensured that all subcarriers are not in outage. The increase of the number of hops will also result in a higher average outage probability, because of the bottleneck effect of DF relaying. As a consequence of this effect, if an outage event occurs in any hop, the destination cannot receive the transmitted signal properly. In addition, it can also been observed from Fig. 5 that the detrimental effect of the number of subcarriers is more significant than that of the number of hops.
C. SIMULATIONS OF ERROR PERFORMANCE
To verify the analysis of error performance presented in Section III-B, we employ BPSK (M = 2) and QPSK (M = 4) as the APM scheme in the simulations. The simulation results showing BLER as a function of the ratio of transmit power to noise power are presented in Fig. 6 . From this figure, it is clear that the approximation derived in (37) can provide a good estimation of the error performance, which is shown in through the close agreement between the numerical and analytical results. It is a direct consequence of our first assumption in which we chose to neglect the situation that an erroneously estimated and forwarded block in an immediate hop is then 'erroneously' estimated to the correct block in following hops, that increasing the number of hops will enhance the accuracy of the approximation. It is also important to note that since we have adopted an approximation to the Q-function in (28), the accuracy of the derived approximation will also be affected by the number of subcarriers N as well as the APM order M . Also, a higher transmit power P t will lead to a better approximation, which aligns with the results presented in Fig. 4 . We can also make another important observation from the results presented, namely we can also verify that increasing the number of subcarriers N , the number of hops L and the APM order M will all lead to poorer error performance. The effects of N and M on BLER are due to the cardinality of the set of all possible transmit blocks, X . As we previously derived, |X | = M (M + 1) N −1 , and therefore, when N and M increase, |X | will increase accordingly, which will result in a larger search space for the transmit OFDM block and increase the BLER. The effect of L on BLER is mainly related to the bottleneck effect of DF relaying. 
D. SIMULATIONS OF NETWORK CAPACITY
By adopting the same simulation parameters as for outage performance, we simulate the proposed system and present the results of the simulation by showing average network capacity and the ratio of transmit power to noise power P t /N 0 in Fig. 7 . From this figure, our analysis for network capacity given in Section III-C can be corroborated, again we note the close match between the numerical results and the analytical predictions. Also, it is evident that without considering crosshop transmission, increasing the number of hops will reduce the average network capacity, as the half-duplex relaying is employed and L orthogonal temporal phases are required for one complete transmission from source to destination. On the other hand, increasing the number of subcarriers will raise the average network capacity, as the multiplexing scheme is utilized in the proposed IM-aided OFDM system. However, we note that the enhancement due to increasing the number of subcarriers is not significant when the transmit power is small. Therefore, to make the best use of all subcarriers in IM-aided OFDM systems, we need to ensure a sufficiently large transmit power.
E. COMPARISON BETWEEN THE PROPOSED SUBCARRIER ACTIVATION METHOD AND RELEVANT BENCHMARKS
As we tailored the subcarrier activation method in this paper, we also simulate the average transmission rates of the tailored method and relevant benchmarks in terms of the number of subcarriers N and APM order M . The results are illustrated in Fig. 8 . Here, we adopt the dual-mode subcarrier activation method proposed in [8] without mapping scheme selection and the original OFDM-IM proposed in [3] with N − 1 active subcarriers as well as traditional OFDM without IM as comparison benchmarks. From this figure, we can see that after modifying the subcarrier activation method, we can not only reduce the system complexity, but also achieve a slightly higher transmission rate than that of dual-mode subcarrier activation method. This validates the feasibility of the proposed subcarrier activation method that relies on a special always-active subcarrier to address the zero-active subcarrier dilemma. However, the superiority of the tailored subcarrier activation method in terms of transmission rate diminishes with the increase of the number of subcarriers N and APM order M , which conforms to the derived result in (44). On the other hand, the proposed scheme has a lower transmission efficiency than those of original OFDM-IM and traditional OFDM without IM when M becomes large, which refers to the well-known reliability-throughput trade-off in OFDM systems [26] . Following the comparison of data transmission rate, we also provide comparisons of average outage probability, BLER and network capacity between the proposed subcarrier activation method based on a special always-active subcarrier and the three aforementioned benchmarks. The results of this comparison are presented in Fig. 9 . As the performance difference between different subcarrier activation methods is not associated with the number of hops L, without loss of generality, we set L = 1 and only consider a single-hop scenario for simplicity. The number of subcarriers and APM order are set to be N = 4 and M = 2. All other simulation parameters are the same as specified in Section IV-A. From Fig. 9 , on one hand, we can see that the proposed subcarrier activation method gains a higher network capacity by sacrificing the reliability compared to the dual-mode subcarrier activation method. On the other hand, compared to the original OFDM-IM, the proposed subcarrier activation method gains a higher reliability by sacrificing the network capacity. As a result, the proposed method can be regarded as a compromise between the dual-mode subcarrier activation method and the original OFDM-IM, which suits simple communication applications that are with limited system complexity, but require higher reliability, e.g. wireless sensor networks (WSNs) [27] . Meanwhile, we can also find from Fig. 9 that in order to exploit the reliability advantage of the proposed method, we have to ensure a sufficiently large transmit power, since the average BLER of the proposed method will only be lower than that of the original OFDM-IM in the asymptotic region.
V. CONCLUSION
In this paper, we have proposed and analyzed a novel multihop IM-aided OFDM system using three measures, namely, we have analyzed the outage performance, error performance and end-to-end capacity of our proposed network. When assisted by a set of relays, the broadcasting coverage can be enlarged and the energy efficiency is enhanced through the use of such a system. These improvements motivate the need for implementation and inclusion of IM-aided OFDM in next generation networks. In this paper we have also presented a tailored subcarrier activation system in order to provide a simpler system and ease the performance analysis, we tailored the usual subcarrier activation method in this paper by involving an always-active subcarrier for signaling purposes. The tailored method has been proven to have an equal or better transmission rate than that of the original. All analyses regarding outage performance, error performance and network capacity have been given in closed form and verified by numerical results generated using Monte Carlo simulations. The results obtained in this paper illustrate the promising vision of IM-aided OFDM in multi-hop networks and its potential for next generation networks. Meanwhile, the proposal and analysis vis-à-vis the combinations between multihop relaying and other potential OFDM-IM schemes, e.g. multi-mode OFDM-IM, generalized OFDM-IM and enhanced OFDM-IM etc are worth investigating as future work.
APPENDIX PROOF OF THE SUPERIORITY OF THE PROPOSED SYSTEM IN TERMS OF TRANSMISSION RATE
Using the expression for transmission rate presented in [8] , the highest achievable average transmission rate can be yielded without performing any mapping scheme selection, which is given bȳ
Using (2), it is straightforward to derivē
which is always nonnegative for N ≥ 1 and M ≥ 2. Therefore, we can further haveB ≥B max , with equality if and only if N = 1.
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